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ABSTRACT: Annotating product ion peaks in tandem mass spectra is essential for y’'10
evaluating spectral quality and validating peptide identification. This task is more complex
for glycopeptides and is crucial for the confident determination of glycosylation sites in G-H20 YON2+i
glycoproteins. MS_Piano (Mass Spectrum Peptide Annotation) software was developed for
reliable annotation of peaks in collision induced dissociation (CID) tandem mass spectra of GHS
peptides or N-glycopeptides for given peptide sequences, charge states, and optional IRB Int y16
modifications. The program annotates each peak in high or low resolution spectra with E b2 ﬂ u
possible product ion(s) and the mass difference between the measured and theoretical m/z l
values. Spectral quality is measured by two major parameters: the ratio between the sum of
unannotated vs all peak intensities in the top 20 peaks, and the intensity of the highest
unannotated peak. The product ions of peptides, glycans, and glycopeptides in spectra are labeled in different class-type colors to
facilitate interpretation. MS_Piano assists validating peptide and N-glycopeptide identification from database and library searches
and provides quality control and optimizes search reliability in custom developed peptide mass spectral libraries. The software is
freely available in .exe and .dll formats for the Windows operating system.
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Bl INTRODUCTION

Tandem high and low resolution mass spectrometry have
become routine for identifying peptides, their modifications,
and precursor proteins in proteomic studies.'~* This technique
is also used to identify glycosylation sites in glycoproteins in
complex biological samples.”® Two principal means of
identifying peptides and glycopeptides in bottom-up proteomic
studies are by searching protein sequence databases’~'**7°
and mass spectral libraries.'' "> Combining these methods can
enhance results.'® However, sometimes high scoring spectra
have unassigned ions due to contamination or incorrect
identification. This is especially true for data collected from
highly complex protein digests containing thousands of
spectra, each of which may contain peaks from cofragmenta-
tion of ions present in m/z fragmentation windows. In such
cases, annotating peaks in mass spectra with reliable
characterized product ions can provide additional confidence
of correct and context-consistent identification. This is
particularly useful for library searching, where spectral quality
can be ensured by identifying the origin of all peaks in each
library spectrum prior to its use as a reliable reference. Prior
annotation enables users to quickly understand the significance
of any differences in query and library spectra.

Software tools for automatically annotating product ion
peaks in tandem mass spectra have been limited and few
software tools have been reported. One of these is an online
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tool, MS-Product.'” Such programs usually provide useful
predicted fragmentation ions, but do not annotate exper-
imental spectra, verify identification correctness, or evaluate
spectrum quality. They require users to manually match the
theoretical m/z values with the experimental ones or write
additional programs for implementing this match. Other
studies have noted commonly encountered product ions,"*"’
but these are not available in currently used software. Several
software pro§rams are available (e.g, free software PDV,*
TOPPView,”' and the commercial software Proteome
Discoverer””) as spectral visualization tools, but these do not
provide glycopeptide product ion annotation.

Here, we present our newly developed software tool,
MS_Piano (Mass Spectrum Peptide Annotation), that rapidly
annotates peaks in tandem mass spectra of both peptides and
N-glycopeptides with product ions based on peptide sequence,
charge state, and modifications using a variety of rules
developed to minimize errors. This software also provides a
measure of spectral quality to evaluate the validity of
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Neutral losses:
e.g. -H,0, -NH; for all ions;
-H,0+CO for y ions;
-CO, for internal fragments
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from modifications:
e.g. C4HgN,0S from

Cysteine with
Carbamidomethyl

Immonium ions
e.8. CsN3Hg, C,N,Hs,
CgN,0Hs, CsN,0H;,
CgN3OHg, CgH1oN30,

from Histidine

Neutral losses from
modifications:
e.g. -CH3SOH for sequence
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Built-in and
customized
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Figure 1. Varieties of product ions and fragments used in MS_Piano (¢, x, and z ions are not used for annotating CID mass spectra).

identifications. It is easy to use for proteomic and
glycoproteomic data analysis and freely available as a Windows
application in both .exe and .dll formats.

B SOFTWARE FEATURES

MS_Piano annotates peaks in a tandem high or low resolution
mass spectrum of a peptide or N-glycopeptide based on a
presumed sequence, charge state, and optional modifications.

Peptide Annotation

Peaks in a tandem mass spectrum are annotated with precursor
(p), product ion y, b, a, immonium jons,"® internal fragment
ions, neutral losses or gains from the precursor and product
ions, as well as their isotopic ions. A peak is not labeled as an
internal fragment if it is assigned with any of the above ions for
simplicity, and to avoid internal fragment complexity.
MS_Piano follows common peptide fragmentation and
product ion nomenclature’®? and excludes ¢, x, and z ions
for annotating collision induced dissociation (CID) spectra.
Product ion annotations and examples are shown in Figure 1.
The software provides more than 100 built-in modifications
and used more than 800 modifications from unimod.”® Users
can add their own modifications in a separate file
“mod_added.txt”. Detailed information on name, formula,
and amino acid residues of all the built-in modifications,
immonium and fragment ions, neutral losses and gains, iTRAQ_
(isobaric tags for relative and absolute quantitation) and TMT
(Tandem Mass Tag) fragments are provided in the Supporting
Information (Table S1—S5).

For each peptide’s sequence, charge state and optional
modifications, MS_Piano uses the example format in Figure 2.

An example of an annotated high-resolution mass spectrum
in Figure 3 shows that MS_Piano annotates not only y, b,
immonium, and internal fragment ions, but also iTRAQ and its

number of
modifications

amino acid
residue __ modification
GAEGHPGERPPHSVPNNAR/4_2(0,G,TMT)(15,N,Deamidation)

sequence charge modification location from
state N-terminus starting from 0

Figure 2. An example format for a peptide sequence, charge state, and
optional modifications.

reporters, the neutral losses of b, y, and internal fragments.
Two examples of low-resolution ion trap mass spectra
annotated with MS_Piano are shown in Figure S1 in the
Supporting Information.

Glycopeptide Annotation

We extended MS_Piano to annotate peaks of CID tandem
mass spectra of N-glycopeptides. We use 6 common
monosaccharides found in mammals as basic units for glycan
composition (Table 1). These short symbols enable their
compact representation on computer screens. We also use “G”:
to distinguish glycosylation from other peptide modifications.
For example, in Figure 4, YHYNGTLLDGTLFDSSYSR/
3 2(0,Y,TMT)(3,N,G:G2H9), G,H, is the glycan on amino
acid Asparagine (N) at location 3 counting from N-terminus
starting from 0.

In addition to the above-described product ions and
fragments for peptide annotation, the following 3 product
ion types were added for N-glycopeptide annotation:

1. Peptides: Product ions y’, b’, and a’ ions are y, b, and a
ions that have lost N-glycosylation, respectively. These
ions plus various sugars are also used for annotation. For
example, in Figure 4, b’, is b, ion without glycan G,Ho,,
and b’,+G is b’, with a G modification.

2. Glycans: Glycans and those with various losses; e.g., G,
G-H,0, G-2H,0 in Figure 4 and GHS in Figure 6.

3. Glycopeptides: Peptide sequence with various glycans.
For brevity, the capital letter Y is followed by numbers
(YO to Y10) to annotate common N-glycopeptide
fragments from high-mannose glycans (Table 2); e.g,
isotopic YO at charge 2 (annotated as “YOA2+i”) in
Figure 4.

The presence of m/z = 197.044S indicates the loss of
C,H,NO; loss from NeuAc;”' the loss of C,H;0;, CH4O; and
C,H,0, serve to annotate HexNac.”> After careful manual
examination, the following annotations were added to the
software: C,;H;0,, CsH,0;, C, H,NO, C,H,0,, C;H,(NO,,
and CyH;,O.

As a critical step in MS_Piano, when a peak in a spectrum
could be annotated with multiple product ions, they are
prioritized in the following order: precursor (p), Y,
glycopeptides, glycan oxonium ions, y or b, y’ or b’, immonium
ions or fragments from modifications, a or a’ ions. Prioritizing
peak annotations facilitates optimal library searching results.
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Figure 3. An example high resolution higher-energy collision-induced dissociation (HCD) mass spectrum with normalized collision energy (NCE)
20% of a peptide with iTRAQ and carbamidomethyl (CAM) modifications at charge 3 annotated with MS_Piano. The highlighted annotations are
neutral losses, iTRAQ and its reporter ions, immonium ion (labeled with “I” in the beginning of the annotation, e.g, ICCAM), and internal
fragments (labeled with “Int” in the beginning of the annotation, e.g., Int/PG). A product ion with multiple charge states is labeled with “A” before
charge value, e.g., y6A2 is y6 at charge state 2. The “Unassigned” value is the fraction of unannotated peak intensities among the top 20 peaks.

Table 1. Glycans for Annotation

An example spectrum of an N-glycopeptide in Figure 4
shows that MS_Piano annotates the fragments of glycans,

bbreviati full . . . . S
avbreviation M nam‘e peptides, and glycopeptides, enabling the rapid validation of a
G HexNAe N-Acetylhexosamine glycopeptide identification.
H Hex Hexose i )
E Fuc Fucose Parameters for Evaluating Spectral Quality
S NeuAc Neuraminic acid In addition to possible product ion(s), each peak in a spectrum
Sg NeuGe N-Glycolyl neuraminic acid is annotated with the mass difference between the measured
P Pent Pentose and theoretical m/z values. The default mass tolerance range is
So” SO; set as 20 ppm and can be customized by users by adding the
Do HPO, option such as “r 10ppm” or “r 0.4 Da” for high and low
“Nonsugar modifications. resolution spectra, respectively. Furthermore, spectrum quality
1001 6-cHe03 y5 YHYNGTLLDGTLFDSSYSR/3_2(0,Y,TMT)(3,N,G:G2H9)
- _ HCD, NCE=38% v10
G Unassigned=0.0649
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Figure 4. An example of an N-glycopeptide spectrum, acquired on high-resolution HCD with normalized energy (NCE) 38%, annotated with
MS_Piano. Product ions al, a2, a3, and b’4+G are confirmed with bl, b2, b3, and b’4 respectively. Peaks were labeled in different colors for
product ions of glycans (red), peptides (green), and glycopeptides (blue).
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Table 2. N-Glycopeptide Fragments for Annotation

abbreviation fragments
YO no glycans
Y1 Y0+{G}
Y2 Y0+{G2}
Y3 Yo+{G2H}
Y4 Y0+{G2H2}
Ys Yo+{G2H3}
Y6 Y0+{G2H4}
Y7 Y0+{G2H5}
Y8 YO+{G2H6}
Y9 Yo+{G2H7}

is measured with the fraction of unannotated peak intensities
among the top 20 peaks (Unassigned, in Figures 3 and 4) or all
the peaks (Unassigned all), the intensity of the highest
unassigned peak (max_unassigned ab, % of base peak), and
number of unassigned peaks in top 20 peaks (top 20 -
num_unassigned_peaks) or number of unassigned peaks
(num_unassigned J)eaks), etc. By using these parameters,
users can easily assess spectrum quality to verify peptide
identification.

B SOFTWARE DESCRIPTION

MS_Piano was developed in Microsoft Visual C++ 201S and is
released in 2 formats: .exe and .dll (peptide annotation only).
The .exe software can be directly used without installation on
the Windows operating system. The command is simple; e.g.,
MS_Piano C:\in.msp C:\out.msp.

Data Input and Output

The NIST text file format (msp) is used for input and output
of m/z vs intensity lists. The following screenshots (Figure S)
illustrate an example spectrum of a peptide in an msp file
annotated with MS Piano software. In the input file, the
following information is required for annotation: peptide

sequence, modifications (optional), charge state, precursor m/
z value (Parent, optional), number of peaks (Num peaks) and
a peak list with m/z and intensity values. The peptide
information is listed in the Name line. In the output file,
MS Piano annotates peaks with product ions and mass
difference between experimental and theoretical m/z value.
The output file also provides the parameters described above
to indicate spectral quality.

Visualization

Tandem mass spectra with peaks annotated with reliable
product ions in the output file can be viewed (Figures 4, 6) in
the MS Search program'” to facilitate validation and generate
figures for publications and presentations. The annotated peaks
with fragments of peptides, glycans, and glycopeptides in a
mass spectrum can be displayed in different colors by adjusting
color and fonts in the MS Search version 2.5 or later.

B SOFTWARE PERFORMANCE, TESTING, AND
APPLICATION

MS_Piano.exe program was tested for performance on a
desktop computer, Windows 10 Enterprise with Intel(R)
Core(TM) i7—6700 CPU @ 3.40 GHz with 64 GB memory.
As an example of performance, MS_Piano took <1.5 h to
annotate 1 million high resolution mass spectra of peptides
from protein digest samples by processing 4 files in parallel,
each containing 250 000 identified spectra. Peptide length was
10—30, charge state from 2 to S, with 0—4 modifications, and
30—500 peaks in 95% of these testing spectra. These spectra
were first converted to msp files (mass vs intensity peak lists in
text format) from the MS-GF+’ searching results. For
glycopeptide spectra, the annotation time increases with the
number of sugars in the glycans. MS_Piano was tested and
refined by annotating the msp files converted from MS-GF+’
searching output files of all the data generated in Study 3 of the
Clinical Proteomic Tumor Analysis Consortium (NCI/NIH);

SLIBIGIE 8

Name: GAEGHPGERPPHSVPNNAR/4 2 (0,G,TMT) (15,N,Deamidation)

Comment: Parent=553.0310
Num peaks: 138

130, 1348 256,77

155,082 64,03

430,2168 55,74

12,3787 468,43

764.8841 1000.6

765, 36854 733,71

output:

Name: GAEGHPGERPPHSVPNNAR/ 4 2(0,G,TMT) (15,N, Deamidation)
Comment: Parent=5531..0310F Theo  mz=553.0320 Theo  mzi diff==1.7ppm
Unassigned all 20ppm=0.3109 Unassigned 20ppm=0.1597
num_unassigned peaks 20ppm=70 max unassigned ab 20ppm=0.33
top 20 num unassigned peaks 20ppm=4/20

Num peaks: 138

130.1348 258.77 "TMT130N/-0.2ppm"

155.0821 64.03 "Int/PG/3.9ppm"

4302166 55,74 Mel5=NiEg~4/=0)  Opyem"

V12,3787 48,48 WY

764.8841 1000.6 "y1472/-0.4ppm"

765.3854 733.71 "y1472+i/-0.5ppm"

Figure S. An example spectrum of a peptide in an msp file annotated with MS_Piano.
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Figure 6. An example of energy dependence fragmentation of an N-glycopeptide (in Alpha-1-acid glycoprotein in plasma) in charge 3 annotated
with MS_Piano. Peaks in 4 high-resolution HCD spectra at different collision energies were labeled in different colors for product ions of glycans

(red), peptides (green), and glycopeptides (blue).

“Unassigned %” and other parameters described above
together with MS-GF+ searching score were used to evaluate
spectral quality and identification. This software has annotated
90 784 MS? spectra of all dipeptides, all tryptic tripeptides, and
1828 bioactive commercial peptides (purity >90%) in the
NIST Tandem Mass Spectral Library.””** It has been used in
annotating mass spectra of digests from iTRAQ and TMT
labeled proteins” and human hair.”® It is also used routinely to
annotate high resolution mass spectra and evaluate spectral
quality for optimal search for refining the NIST Peptide
Tandem Mass Spectral Library'® with more than 4.3 million
spectra. MS_Piano has been used to annotate mass spectra of
protein digests of single glycoproteins (Figure 6) including the
Spike Protein in SARS-CoV-2.

B DISCUSSION AND CONCLUSIONS

MS_Piano enables the annotation of tandem mass spectra of
both peptides and N-glycopeptides that contain virtually all
known modifications. A key feature of MS Piano is its
capability to annotate one million peptide spectra in <2 h with
reliable product ions, including some common but usually
neglected fragments. The annotated spectra can be viewed
with diverse ions displayed in different colors in NIST MS
Search'” browser for enhanced visual examination. Annotated
spectra can be used to validate spectra and verify peptide
identified by sequence database searching directly or
embedded in other software packages to implement various
proteomics data analysis software.”” The output msp files of
spectra annotated with MS_Piano can be used on Skyline™
platform directly. MS_Piano provides a metric for spectrum
quality and a reportable filter for constructing peptide mass
spectral libraries. The software is helpful for understanding
peptide fragmentation pathways. Its different formats provide
flexibility for biologists and chemists to use .exe directly, or for
advanced programmers to embed a functional .dIl into other
programs.

Due to the format complexity of raw data acquired on mass
spectrometers from different manufactures and the peak lists
lacking in searching results from various peptide and
glycopeptide search engines, the simple text format (msp) is
used for input, but users need to convert their files to this
format to use this program. However, files can be combined
from searching results from libraries, search engines, and de
novo sequencing for annotation. We developed an msp file
converter (free software convert2 msp, also available at the
following MS_Piano download website) which quickly
converts the results from free protein and glycoprotein
sequence searching engine MSFragger’® and pGlyco,”
respectively, to msp files, and automatically connects to
MS_Piano for spectral annotation to facilitate building-your-
own libraries. More capabilities such as taking mzXML and
pepXML together with raw data as input files, annotating mass
spectra of negative mode, ETD and O-glycopeptides will be
added to the software. Software, instructions, and examples can
be freely downloaded at https://chemdata.nist.gov/dokuwiki/
doku.php?id=peptidew:ms_piano.
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